True fruit flies belonging to the Rhagoletis pomonella (Diptera:Tephritidae) sibling species complex possess several attributes consistent with a history of sympatric divergence via host plant shifts. Here, we investigate whether hybridization and genetic introgression is occurring between two members of the group, Rhagoletis pomonella (Walsh), whose primary hosts are domestic apples (Malus pumila) and hawthorns (Crataegus spp., and R. zephyria (Snow) whose host is snowberries (Symphoricarpos spp.). These flies are important because they appear to be at a transition stage between taxa reproductively isolated solely on the basis of host plant-related adaptations and those that have evolved additional non-host dependent sterility and inviability. Observing extensive hybridization and introgression between R. pomonella and R. zephyria would have major repercussions for current models of sympatric speciation.
Introduction
has argued that proof for a particular mode of speciation 'consists in the reconstruction of an essentially continuous series by arranging fixed stages in the correct chronological sequence'. Mayr (1963) provided examples for intermediate stages in allopatric (geographic) speciation consisting of locally differentiated populations, geographic races, subspecies, allopatric species, and, finally, sympatric species in secondary contact. An analogous series of four stages has been proposed for sympatric (non-geographic) speciation via host plant shifts for phytophagous insects (Berlocher, 1998) . These stages are: (1) partially reproductively isolated host races, (2) species isolated only by host fidelity, (3) species with partial prezygotic and/or post zygotic isolation unrelated to host fidelity, and (4) totally reproductively isolated species.
True fruit flies belonging to the Rhagoletis pomonella sibling species complex have become a model system for the study of sympatric host race formation and speciation (reviewed by Bush, 1992) . Previous work on the group has confirmed the existence and ordering of several of the hypothesized stages for sympatric divergence (reviewed by Berlocher, 1998) . However, certain stages are still understudied in the complex, in particular, the transition between species isolated by host fidelity (stage 2) and those displaying partial postzygotic isolation (stage 3). Understanding this transition is important for two reasons. First, models of sympatric speciation generally hold that hybrid sterility and inviability caused by epistatic incompatibilities between loci are secondary phenomena in divergence, closing a process already irrevocably under way (Bush, 1992) . Rather, it is ecological adaptation to the external environment that initially triggers speciation (Rice, 1987; Rice & Hostert, 1993; Schluter, 1998) . To verify this, it is necessary to show that Rhagoletis taxa. are, for all intents and purposes, separated by host-related traits before non-host dependent isolation arises. A second reason is to discern whether some allopatric isolation accompanies the evolution of non-host dependent sterility and inviability. If so, then sympatric speciation may be the mirror image of allopatric speciation, where instead of initiating the divergence process, geographic separation plays a role in the final severing of populations.
Phylogenetic analysis of the apple maggot, R. pomonella (Walsh) , and the snowberry maggot, R. zephyria (Snow), based on allozymes and mitochondrial DNA (mtDNA) suggest that they are at the transition between stage 2 and 3 species (Berlocher et al., 1993; Smith & Bush, 1997; McPheron & Han, 1997) . However, some uncertainty exists concerning the native range of R. zephyria. The traditional account of Bush (1966) is that R. zephyria is primarily a western North American distributed species and R. pomonella an eastern species (Figure 1 ; Bush, 1966) . If true, then this would mean that the snowberry maggot has historically been parapatric, rather than sympatric, with R. pomonella. But R. zephyria has recently been introduced into eastern North America, coinciding with the widespread planting of ornamental varieties of S. rivularus from the western United States (Jones, 1940; Bush, 1966) . In addition, R. pomonella has colonized the western United States within the last 100 years (McPheron, 1987 (McPheron, , 1990a , such that the ranges of R. pomonella and R. zephyria are now completely sympatric across the northern United States. Geographic regions of recent and historic contact therefore exist between the snowberry and apple maggot. However, other evidence suggests that populations of R. zephyria or a 'it zephyria-like' fly may have always existed in parts of eastern North America infesting the snowberry species S. albus (J. J. Smith and G. L. Bush, pers. comm.) . If true, then this implies that R. zephyria and R. pomonella have historically been sympatric in eastern North America and that the only region of recent contact between these two taxa occurs west of the states of the Dakotas, U.S.A. Until more conclusive data are available, it is too early to accept the view that R. zephyria is native to eastern North America. In this manuscript, we will therefore assume that the traditional account of R. zephyria is correct. In fact, some of the data we present in this paper are consistent with eastern R. zephyria populations having undergone genetic bottlenecks, supporting the introduction hypothesis.
Several aspects of the population genetics of the snowberry and apple maggot are also unclear. For instance, an allozyme survey of four populations from the states of Oregon and Washington, U.S.A. suggested that introgression may be occurring from R. zephyria into R. pomonella (McPheron, 1990a) . But analysis of multi-locus genotypes for the allozymes Dia-2 & Had at one sympatric site in Washington implied that many flies of putative hybrid origin were not F1 individuals (McPheron, 1990a) . In addition, there was no indication of any introgression from R. pomonella into R. zephyria. Consequently, if interspecific gene flow exists, then it appears to primarily from the native (R. zephyria) into the introduced taxon's (R. pomonella) gene pool.
Here, we expand on McPheron's (1990a) work on R. zephyria and R. pomonella by genetically analyzing fly populations for allozyme and mitochondrial DNA (mtDNA) restriction site variation in zones of supposed recent and historic contact. The main goal of the study was to determine whether R. pomonella Figure 1 . Map of collecting sites for apple/hawthorn and snowberry flies across the northern United States. See Table 1 for detailed descriptions of sites. The historical distributions of R. zephyria and R. pomonella prior to their recent range expansions are shown by the solid and dashed lines, respectively, according to Bush (1966). and R. zephyria are actively hybridizing. Secondary objectives were to establish whether any observed introgression is directionally biased from native into introduced populations or is higher in zones of recent compared to historic contact. Answers to these questions are important for evaluating the geographic and host-dependent context under which complete reproductive isolation evolves between R. pomonella group flies.
Materials and methods
Sampling. Flies were collected as larvae within infested apple, hawthorn and snowberry fruits at a total of 19 sites across the northern United States (Figure 1 ; Table 1 ). We made a concerted effort to sample apple/hawthorn trees and snowberry bushes at sites that were in close geographic proximity to each other. The result was that a majority of apple/hawthorn and snowberry host fruits were collected from locations that were within a kilometer of each other and should be considered 'paired sympatric sites' (these sites are designated with the letter 'S' in Table 1 ). In Minnesota, however, certain hawthorn (sites CB & DB) and snowberry samples (sites 22, 23, 24, 32 & 42) were collected from localities that were some distance from corresponding collections made from the other host. For data analysis, these sites were pooled with the nearest pair of sympatric sites in the area (Table 1 , Figure 1 ), as we found that this did not affect interpretation of the genetic results. In addition, we pooled R. pomonella flies from apples and hawthorns at the Stevenson, Washington site to increase the sample size.
Infested fruits were transported to the laboratory and stored in a constant temperature room at 21 • C with a L15:D9 cycle. Here, we allowed flies to finish their larval feeding stages and pupate in trays con- Table 1 . Sample information for snowberry and apple/hawthorn collection sites. See Figure 1 for map. Date = date infested fruit collected, Paired site = site code for geographically closest collection made from opposite host species, Dist. = distance (in km) to paired site, S = sympatric (paired site < 1 km away), n = sample size at site (# of flies genetically scored), N. W. (Voss, 1996) .
taining moist vermiculite. Pupae were sifted from the vermiculite and placed in a refrigerator at 4 • C to simulate winter conditions. After 5 months, we removed the pupae from the cold and held them at 21 • C under a L15:D9 cycle. Adults were collected on a daily basis as they eclosed and stored at −80 • C until they could be genetically analyzed. Prior to genetic analysis, we determined the sex of each individual and dissected its head and thorax from its abdomen. Thoraces and heads were subsequently scored for allozymes, while abdomens were used for mtDNA analysis.
Genetic analysis of flies. We scored flies for a total of six different allozyme loci using standard horizontal starch gel electrophoretic techniques for soluble proteins (Berlocher & Smith, 1983; . These six allozymes were aconitase-2 (Acon-2, EC 4.2. Map positions for all six of these allozymes are known in R. pomonella (Berlocher & Smith, 1983; , and cover four of the six linkage groups constituting the fly's genome (Bush, 1966) . Pgm, Dia-2 and Aat-2 are all on linkage group I. Dia-2 and Aat-2 are tightly linked and separated by less than 1 centiMorgan (Roethele et al., 1997) , with alleles at these two loci displaying strong gametic phase linkage disequilibrium in natural R. pomonella populations (Feder et al., 1988 (Feder et al., , 1990 . Acon-2 is on linkage group II and Had maps to linkage group III. Aat-1 is sex-linked in R. pomonella and has been assigned to linkage group V. MtDNA restriction site variation was analyzed using Southern blot hybridization techniques (Southern, 1975) . We isolated total cellular DNA from the abdomens of individual flies based on a modification of the single fly extraction protocol of Coen et al. (1982) . Purified DNA was restriction digested with 2 units of the enzyme HindIII or ClaI for 12 h at 37 • C in the buffer supplied by the manufacturer (New Eng-land Biolabs). Digested DNA was electrophoretically resolved on 1% agarose gels, denatured and neutralized by soaking the gels for 15 min in washes of 0.2 N NaOH, 0.6 M NaCl, followed by 0.5 M Tris pH 7.5, 1.5 M NaCl, and then transferred by capillary action to nylon filters (AMF/Cuno Zetabind) in 20× SSC (1 × SSC = 0.15 M NaCl, 0.015 M Nacitrate-2H 2 0, pH 7.0). The DNA was fixed to the nylon filter by baking the filter in a vacuum oven at 80 • C for 1 h. The probe used in the hybridization reaction was the full length mtDNA genome of the Mediterranean fruit fly, Ceratitis capitata, isolated from eggs and purified by ultracentrifugation in a CsCl gradient (mtDNA was kindly provided to us by Chris Simon, University of Connecticut). The probe was radioactively labeled with alpha-P32-dATP using the random priming method of Feinberg & Vogelstein (1983) and hybridized to filters overnight at 38 • C in 5 ml of a hybridization solution containing 5×SSC, 0.2% Ficoll 400, 0.2% polyvinyl-pyrrolidone-360, 0.2% bovine serum albumin, 0.02 M NaPO 4 pH 6.7, 500µg sonicated denatured salmon sperm DNA, 5% Dextran Sulfate and 50% formamide. The following day, the filters were sequentially washed one time each in a 2×SSC, 0.1% Sodium Dodecyl Sulfate (SDS) solution for 15 min at room temperature, a 0.1 × SSC and 0.1% SDS solution for 15 min at room temperature, and a 0.2 × SSC and 0.1% SDS solution for 30 min at 45 • C. DNA bands were visualized by autoradiography.
Data analysis.
For the purposes of data analysis, field sites in Minnesota were grouped into three different samples representing northwestern, central and southeastern regions of the state (Figure 1 , Table 1). Populations were examined for deviations from Hardy-Weinberg genotypic expectations at allozyme loci using G-tests. In the case of the sex-linked locus Aat-1, only females were included in the analysis. G-heterogeneity tests were performed to assess allozyme and mtDNA haplotype frequency differences between apple/hawthorn and snowberry fly populations at paired sites. Geographic variation among populations was examined using G-heterogeneity tests and F-statistics calculated by the method of Weir & Cockerham (1984;  θ of Weir & Cockerham is equivalent to F ST of Wright [1951] ). Host plant and geographic location were analyzed as two different hierarchical levels of population subdivision when calculating the F-statistics. The statistical significance of θ values were determined by t-tests based on estimates of their standard errors derived by jackknifing over allozyme loci (Weir & Cockerham, 1984) . Linkage disequilibrium between Aat-2 and Dia-2 was estimated from correlation coefficients between nonallelic genes at these two loci (Weir & Cockerham, 1989) .
Likelihood analysis was also performed to quantify the extent of genotypic overlap between apple/hawthorn and snowberry fly populations. This involved calculating the population genetic equivalent of lod scores (= log 10 likelihood that a fly originated from one host plant species versus the other given its genotype) for flies collected from Washington, northwestern, central and southeastern Minnesota, Michigan and Massachusetts. To calculate lod scores, allozyme frequencies were first estimated for R. pomonella and R. zephyria populations at paired sites (Note: Acon-2 was excluded from the analysis because a sufficient number of flies were not scored for this locus at several sites). Genotype frequencies were then estimated within each of the paired populations by randomly combining alleles into zygotes under the assumption of panmixia within species. In the case of Dia-2 and Aat-2, which display strong linkage disequilibrium in natural R. pomonella populations (Feder et al. 1988 (Feder et al. , 1990 , we used maximum likelihood estimates of haplotype frequencies (Weir, 1996) rather than allele frequencies to derive multilocus genotype frequencies for these two loci. For the sex-linked locus Aat-1, genotype frequencies for males were set equal to allele frequencies in the population, since males are hemizygous. For a given fly collected from either apples/hawthorns or snowberries, the estimated frequency of the genotype that the fly possessed at locus 1 in the R. pomonella population was divided by the estimated frequency of that same genotype in the R. zephyria population. Next, the product of these individual locus ratios was taken across loci. The logarithm base 10 of this product represents the log 10 likelihood ratio (lod score) that a fly of a given genotype infested apples/hawthorns versus snowberries. Likelihood analyses were also performed to detect potential F1 hybrids and to estimate the number of flies predicted to have such hybrid genotypes under a null hypothesis of no interspecific mating. In these latter two analyses, mtDNA haplotype data were included along with the allozymes in the calculations. Table 2 . G-heterogeneity tests for significant allozyme and mtDNA haplotype frequency differences between apple/hawthorn and snowberry-infesting fly populations at paired collecting sites across the northern United States (see Table 1 and Figure 1 for , 1991 Feder et al., 1990) . A good deal of the geographic variation for R. zephyria was due to the Washington popupulation. The θ value for R. zephyria fell to 0.038 ± 0.008 s.e. when this population was removed from the analysis. Allozyme polymorphism was higher in the presumed native portions of R. zephyria's range in the West than in introduced areas in the East, consistent with founder effects having accompanied range expansion in this species. For instance, the average number of alleles and heterozygosity per allozyme locus for Michigan and Massachusetts populations of R. zephyria (1.50 ± 0.170 s.e. and 0.15 ± 0.026 s.e., respectively, n = 2 sites) were significantly lower than those in Minnesota and Washington (3.09 ± 0.173 s.e and 0.24 ± 0.007 s.e., n = 4 sites; see Appendix 1 for individual site values). These estimates were biased, however, by the smaller sample sizes and fewer number of sites surveyed in the East than the West. To account for this, we performed a computer simulation analysis in which 17 and 12 flies were randomly chosen from a given pair of Western R. zephyria populations (Note: We chose 17 and 12 flies because these were the number of 'pure' R. zephyria genotypes that were scored from the Michigan and Massachusetts sites, respectively.). The average number of alleles and heterozygosity per locus were then calculated for 1200 of these randomly generated samples evenly spread through all possible pairwise combinations of the four western R. zephyria populations. The results indicated that the average number of alleles (2.38 ± 0.004 s.e.; range = 1.92-2.92) and heterozygosity (0.243±0.001 s.e.; range = 0.168-0.324) were still significantly higher in the western than eastern R. zephyria populations even after adjusting for the differences in sample sizes and number of sites analyzed.
In contrast to R. zephyria, genetic variation in R. pomonella was not significantly lower in the introduced portion of its range. The average number of alleles (3.83) and heterozygosity (0.40) per locus for the Washington apple maggot population were within the range of values in Minnesota, Michigan and Massachusetts (range for average number of alleles = 3.67-5.50; range for average heterozygosity 0.331-0.488; Appendix 1).
Our allozyme survey revealed that R. pomonella and R. zephyria are genetically quite different from one another (Table 2, Appendix 1). No allozyme locus was diagnostically fixed for alternative alleles in flies reared from apples/hawthorns versus snowberries, as a majority of electromorphs were shared in common between the two taxa (Appendix 1). In addition, no locus displayed a significant departure from Hardy-Weinberg genotypic expectations within any apple/hawthorn or snowberry fly population. But significant allele frequency differences were observed between R. pomonella and R. zephyria at every paired site for each of the six allozymes scored in the study (Table 2 ; Appendix 1). Hierarchical F-statistics indicated that most of the genetic differentiation for R. pomonella and R. zephyria populations was distributed between hosts rather than among collecting sites within hosts (θ between host plants = 0.574 ± 0.118 s.e.; θ among snowberry sites = 0.069 ± 0.025 s.e.; θ among apple/haw sites = 0.073 ± 0.023 s.e.).
Likelihood analysis was performed to quantify the extent of nuclear genetic overlap between flies reared from apples/hawthorns and snowberries. Figures 2a-f display the distributions of lod scores for apple/hawthorn and snowberry flies from Washington, northwestern, central and southeastern Minnesota, Michigan and Massachusetts. The average lod score for apple/hawthorn flies across all sites was 9.7 ± 0.14 s.e. This means that a given fly collected from apple/hawthorn had a nuclear genotype that made it ∼ 5 × 10 9 times more likely to be R. pomonella than R. zephyria. Similarly, the average lod score for snowberry flies was −9.2 ± 0.12 s.e., making it ∼ 1.6 × 10 9 times more likely that a particular fly collected from snowberries was R. zephyria as opposed to R. pomonella. Nevertheless, two flies reared from snowberries (one from site 31 in central Minnesota and one from site 5 in Michigan; Figures 1, 2c , e) and one fly reared from hawthorns (site A in Washington; Figure 2a ) had allozyme genotypes suggesting that their parents both originated from the opposite host species (i.e., they appear to be instances of R. zephiria and R. pomonella infesting the 'wrong' host plant). mtDNA variation. Two predominant mitochondrial DNA (mtDNA) haplotypes were found in R. pomonella and R. zephyria. The first we designated haplotype P, which contained three HindIII sites and one ClaI site. The second we designated haplotype Z and was characterized by the absence of one of the three HindIII sites and an additional ClaI site. We have yet to determine map positions for the HindIII and ClaI restriction sites in the Rhagoletis mtDNA genome. However, the diagnostic HindIII and ClaI sites were in complete repulsion linkage disequilibrium, as we did not score a single fly that had both extra sites out of a total of 746 individuals scored for mtDNA in the study.
Large and significant frequency differences were also found for mtDNA haplotypes between paired R. pomonella and R. zephyria populations (Table 2 ; Appendix 1). MtDNA haplotype P, the most common in R. pomonella, was present in only low to moderate frequencies in R. zephyria populations (Appendix 1). Conversely, mtDNA haplotype Z, the most common in R. zephyria, was found in only one individual reared from hawthorns in Washington (Appendix 1). However, this latter individual had a nuclear (i.e., allozyme) genotype suggesting that it was R. zephyria and not R. pomonella. Consequently, mtDNA haplotype P should be considered fixed in R. pomonella.
Evidence for hybridization and introgression. The pattern of genetic variation provided some support for hybridization and introgression. First, HadIII (the most common Had allele in R. zephyria) was found in modest frequency in the Washington R. pomonella population (0.026), but was absent from R. pomonella populations east of Minnesota (Appendix 1; Note: in this and all subsequent comparisons the three flies that appeared to be pure R. pomonella or R. zephyria genotypes on the wrong host plant were excluded from the analysis). Second, Dia-2 100 (the most frequent R. pomonella allele at Dia-2) was also fairly common in the Washington R. zephyria population (0.136), but very rare elsewhere. Third, the frequency of Had 122 (a common allele in R. pomonella) was highest in the recently introduced Massachusetts population of R. zephyria (Appendix 1). Fourth, mtDNA haplotype P (which is fixed in R. pomonella populations) was present in elevated frequencies in snowberry flies from Michigan and Massachusetts (0.222 and 0.250, respectively), but was uncommon or absent at all other sites (Appendix 1). Finally, four flies reared from hawthorns and one from snowberries had genotypes suggesting that they were more likely F1 hybrids from R. pomonella (female) × R. zephyria (male) matings than offspring of pure species crosses (Figures 3a, b) .
Findings 1 through 4 above suggest that introgression is higher in areas of recent compared to historic contact. In all four of these findings, the frequency of the allozyme allele and/or mtDNA haplotype that was common in either R. pomonella or R. zephyria was higher in the other species in the far West and East compared-to Minnesota (Appendix 1). In other words, shared genes between the two species appeared to be present in higher frequencies in the supposed recent zones of contact, implying that introgression between R. pomonella and R. zephyria is higher in these areas. However, we should temper this statement by saying that only the results for Dia-2 100 in Washington and mtDNA haplotype P in Michigan and Massachusetts were statistically significant (G-heterogeneity test for Dia-2 100 for R. zephyria = 51.7, P < 0.0001, 1 df, G-heterogeneity test for mtDNA haplotype P for R. zephyria = 8.9, P < 0.01, 1 df).
Evidence supporting increased gene flow from native into introduced populations in the presumed zones of recent contact was less compelling than that, for increased introgression in these regions. If such directionality were occurring, then we would expect to find higher frequencies of R. pomonella alleles in eastern R. zephyria populations than in Minnesota and Washington, as Michigan and Massachusetts populations of R. zephyria represent recent introductions. The reverse would be true for R. pomonella. But only mtDNA haplotype P in R. zephyria populations and Had111 in R. pomonella matched this prediction (G-heterogeneity test for mtDNA haplotype P for R. zephyria = 25.2, P < 0.0001, 1 df; Gheterogeneity test for Had111 for R. pomonella = 64.4, P < 0.0001, 1 df), while Dia-2 100 in R. zephyria displayed the opposite pattern (G-test = 60.9, P < 0.0001, 1 df; Appendix 1). Furthermore, if the high frequency of mtDNA haplotype P in eastern R. zephyria populations was due to introgression, then the maternal mode of inheritance of mtDNA would require that male R. zephyria flies mate with R. pomonella females and either the females oviposit into snowberries or the females oviposit into apples/hawthoms and their offspring return to snowberries. As for the first possibility, it requires greater latitude in the host fidelity and mate acceptance behaviors for females of the native species, R. pomonella, than the introduced species, R. zephyria, which runs counter to the directionality hypothesis. Under the second possibility, we would expect to also observe an appreciable amount of nuclear introgression accompanying mtDNA gene flow, but this was not evident from the allozyme data for eastern R. pomonella and R. zephyria populations.
Discussion
Three explanations could account for the pattern of genetic variation observed between R. pomonella and R. zephyria. The first is low or intermittent introgression between the two taxa. The second is that the two species have retained a number of shared ancestral alleles that predate their split from a common ancestor. The third possibility is that alleles of the same electrophoretic mobility in R. pomonella and R. zephyria are not identical by descent, but instead were independently derived in the two taxa. Katz & Harrison (1997) have recently reported just such an instance of convergent evolution for Pgi in field crickets. Addressing this question in Rhagoletis would require extensive DNA sequence data either for the allozymes or tightly linked genes. These data are beyond the scope of the current study, but could be gathered in the future. However, in the case of R. pomonella and R. zephyria, this explanation would require convergence for multiple nuclear loci, as well as mtDNA, which seems unlikely. In the remainder of the discussion, we will therefore concentrate on arguments for and against the introgression and ancestral alleles hypotheses. Our conclusion is that the available information is insufficient to resolve this issue, but if hybridization is occurring, then it is happening at a very low level (perhaps 0.09% per generation). We finish by discussing future tests that could potentially distinguish the introgression and ancestral alleles hypotheses.
Two observations are suggestive of hybridization. (1) Two larvae collected from snowberries had genotypes indicative of them being pure R. pomonella (Figures 2c, e) and one larva collected from hawthorn had a genotype making it likely to be R. zephyria (Figure 2a ). This implies that host fidelity, while strong in these species, is not absolute. Occasionally a R. pomonella adult will utilize snowberries as a host plant and R. zephyria will alight on hawthorns. Because Rhagoletis flies mate exclusively on or near the fruit of their host plants (Prokopy et al. 1971 (Prokopy et al. , 1972 , these lapses in host fidelity create the potential for hybridization because ethological isolation is not considered to be important in sympatric speciation models. (2) Four larvae collected from hawthorns and one from snowberries had genotypes that made them more likely to be F1 hybrids than offspring from pure species crosses (Figures 3a, b) .
The data supporting the introgression hypothesis are not definitive, however. One peculiarity is that not all 'diagnostic' alleles or haplotypes present in one species were found in the other. For instance, the allele Had 122, which is moderately common in R. pomonella populations, was found in certain R. zephyria populations, but Had 100, the most common Had allele in R. pomonella populations, was not (Appendix 1). Similarly, Aat-2 100, the most common Aat-2 allele in R. pomonella, was not observed in any R. zephyria fly collected from snowberries (Appendix 1). Finally, Dia-2 100, the most common Dia-2 allele in R. pomonella, was present at an overall frequency of 0.136 in the Washington population of R. zephyria. But Dia-2 and Aat-2 display tight linkage disequilibrium in R. pomonella populations (Table 3) . When testing for gene flow, it is therefore necessary to consider Dia-2/Aat-2 haplotypes, not just Dia-2 genotypes. Haplotype frequencies for Dia-2/Aat-2 were estimated from genotype frequencies at these two loci using a maximum likelihood approach (Weir & Cockerham, 1989; Weir, 1996;  Table 3 ). The results indicate that the allele Dia-2 100 in the Washington R. zephyria population was most commonly associated with Aat-2 21 (91.7% of Dia-2 100 containing haplotypes) and Aat-2 50 (8.3% of Dia-2 100 haplotypes), but not with Aat-2 75 or Aat-2 100 (Table 3). In comparison, Dia-2 100/Aat-2 75 and Dia-2 100/Aat-2 100 were the most common haplotypes in the Washington R. pomonella population (52.5% and 33.3% of haplotypes containing Dia-2 100, respectively), while the gametes Dia-2 100/Aat-2 21 and Dia-2 100/Aat-2 21 were much rarer and present at only 2.4% and 5.2%, respectively. The implication is that although the allele Dia-2 100 is fairly common in the Washington R. zephyria population, it is not found in haplotypes that would be most indicative of introgression from R. pomonella.
Another problem with the introgression hypothesis is that although five individuals had allozyme/mtDNA genotypes making them more likely than not to be F1 hybrids (Figures 3a, b) , this is actually what would be expected due to chance alone. If allozyme alleles and mtDNA haplotypes are combined at random within R. pomonella and R. zephyria populations under a null hypothesis of no interspecific mating, then likelihood analysis predicts that we would detect an average of 5.44 flies that appeared to have F1 hybrid genotypes in our survey of the northern United States. Therefore what seemed like solid proof for hybridization is not statistically significant.
If the ancestral allele hypothesis is true and the introgression hypothesis false, then two observations still need to be explained. The first is the finding of three flies on the 'wrong' species of host plant. The second is the apparently greater levels of introgression in areas of recent, as opposed to historic, contact between R. pomonella and R. zephyria.
The observations of R. pomonella on snowberries and R. zephyria on hawthorns suggest that either sexually active R. pomonella and R. zephyria adults occasionally come into contact on host plants but do not mate due to ethological pre-mating isolation or sexually active R. pomonella and R. zephyria adults do not come into contact on host plants due to allochronic mating isolation (i.e., R. pomonella and R. zephyria adults are sexually active at different times during the field season that match peak abundance of their respective hosts fruits, even though females occasionally Table 3 . Maximum likelihood estimates of Aat-2/Dia-2 gamete frequencies for Washington populations of apple/hawthorn and snowberry flies. Correlation coefficients (r AB ) between pairs of Aat-2 and Dia-2 alleles derived from Burrow's composite linkage disequilibrium values (Cockerham & Weir, 1989) oviposit into the wrong plant). The first possibility is more problematic for models of sympatric speciation, as ethological isolation was not originally considered by Bush (1969a Bush ( , b, 1975a Bush ( , b, 1992 to be an important factor triggering host race formation. However, recent theoretical models have indicated that it can evolve following an initial stage of host-associated adaptation to provide closure to the speciation process (Johnson et al., 1996) . Allochronic isolation, however, is completely in accord with models of sympatric speciation in the R. pomonella group and has been found between apple and hawthorn host races of R. pomonella, the flowering dogwood fly, the sparkleberry fly and R. mendax (Smith, 1988; Feder et al., 1993; Feder, 1995; Berlocher, 1998) .
Much of the data for higher levels of introgression in recent areas of contact is also inconclusive on closer inspection. Concentrating on the mtDNA data first, there is no evidence for any introgression from R. zephyria into R. pomonella. The results for introgression come from the high frequencies of mtDNA haplotype P in Michigan and Massachusetts populations of R. zephyria. However, these fly populations were collected from S. riyularus that were planted as ornamentals in the East, and so could have been affected by past founder events when R. zephyria was introduced from the West.
Two general consequences of a genetic bottleneck associated with a founder event are a loss of allelic diversity and heterozygosity. Both were observed for the allozymes in comparisons between eastern and western populations of R. zephyria (Appendix 1).
So, the data are consistent with the introduction hypothesis. We are still left with the question of why mtDNA haplotype P frequencies are higher in the East when founder events generally result in the loss of rare alleles. The answer may hinge on the word 'generally,' because sometimes a rare allele can be elevated to a high frequency following a founder event. McPheron (1990b) presents an example of this for introduced populations of R. pomonella in the state of Utah, U.S.A. While we cannot say for certain that this happened in the case of the mtDNA haplotype P in the eastern R. zephyria populations, it is at least as plausible an explanation as introgression for the pattern.
The nuclear case for increased introgression in areas of recent contact rests on Dia-2 and Had. For Dia-2, the primary evidence is the high frequency of the Dia-2 100 allele in the Washington R. zephyria population. But as we showed earlier, haplotype analysis revealed that the allele Dia-2 100 in the Washington R. zephyria population was primarily found in association with Aat-2 21 and Aat-2 50 (Table 3 ), which were rare in the Washington population of R. pomonella (Table 3 ). The evidence for Had is the tendency for the alleles Had 122 and Had111 to be in higher frequencies in western and eastern populations of R. zephyria and R. pomonella, respectively, than in Minnesota populations (Appendix 1). However, these trends are not statistically significant (G-heterogeneity test for Had 122 for R. zephyria = 2.3, P > 0.05, 1 df; G-heterogeneity test for Had111 for R. pomonella = 2.8, P > 0.05, 1 df). It is therefore not read-ily apparent that recently introduced flies, because of the scarcity of con-specifics, are more adventuresome than residents in their search for mates.
One explanation that could salvage the introgression hypothesis is natural selection. That is, certain alleles or combinations of alleles from one species have negative epistatic effects when placed in the genetic background of the other species, while others do not. A direct consequence of this will be unequal levels of introgression among genetic markers. We cannot rule out natural selection as a factor contributing to the pattern of genetic differentiation between R. pomonella and R. zephyria. However, this would require that a number of fairly common alleles/haplotypes in both species are able to freely introgress, while the most common alleles/haplotypes are all under strong selection, which seems an unlikely scenario.
The genetic markers and sampling scheme that we used in the study should have been sufficient to detect moderate to low levels of hybridization. For instance, given a hybridization rate of 0.5% (1 in 200) per generation, we would have expected to find ∼ 5.5 (95% confidence interval 1.4-12.4) flies in our sample of 1105 with genotypes highly suggestive of hybrid origin based on a Poisson distribution. Although we did find 5 flies more likely than not to be F1 hybrids (Figures a, b) , we also showed that this result is below the number (5.44) expected due to random assortment of genes within snowberry and apple maggot populations. However, one individual from site B did have a genotype that makes it almost 600 times more likely to be an F1 hybrid (lod score = 2.73; Figure 3a) . Assuming that this individual was an F1 hybrid, then our estimate of hybridization would be ∼ 0.09% (1/1105). This points out that if we could increase our sample size and decrease probability levels by scoring flies for additional genetic markers, then we should be able to statistically verify the occurrence and estimate the frequency of such rare hybridization events using a combined sequential Bonferroni (Holm, 1979) and maximum likelihood approach.
Principles of coalescence theory, biogeography and phylogenetics (Hudson, 1990; Avise et al., 1987; Templeton et al., 1992) might also help resolve the hybridization issue. This is especially true for mtDNA, which is generally maternally inherited and not subject to recombination in insects (Simon et al., 1994) . For instance, if R. pomonella and R. zephyria have been immune to introgression since speciating, then mtDNA haplotype P lineages in both species may have accumulated a number of autapomorphic changes that differentiate them from one another. This is not to say that DNA sequence analysis will not reveal instances of certain mtDNA P haplotypes present in one species being most closely related to haplotypes found in the other species. But the haplotypes will not be identical to one another, as might be expected if introgression were actively occurring between R. pomonella and R. zephyria. The finding of Smith & Bush (1997) that a R. pomonella haplotype from Nova Scotia, Canada, was very similar to a R. zephyria haplotype from Wahkeena Falls, Oregon, could eventually prove to be the most compelling evidence for introgression.
Although a detailed DNA sequencing study might distinguish between the introgression and ancestral allele hypotheses, this result is contingent on three conditions being met. First, that in the absence of introgression, enough time has passed since the separation of R. pomonella and R. zephyria for unique mutations to have accumulated in all mtDNA P lineages. Second, that if R. pomonella and R. zephyria hybridize, then they did not do so only in the distant past. Third, that R. pomonella and R. zephyria do not both hybridize and share ancestral alleles in common. We have not explored this latter hypothesis, instead framing the explanations for the genetic data as a dichotomy between introgression and ancestral alleles. But this need not be the case, as both phenomena may exist in these flies. If nothing else, this will greatly complicate untangling the R. pomonella/R. zephyria story.
In conclusion, we had hoped that our study would resolve the issues of hybridization and introgression between R. pomonella and R. zephyria. However, the results were not definitive. What would be the implications if we eventually find the ancestral allele hypothesis to be true? If the observations of 'leakiness' in host fidelity are also real (i.e., the instances of the wrong species on the wrong host plant), then this would imply that ethological isolation plays a role in finalizing the sympatric speciation process. Alternatively, if the introgression hypothesis is true, then this would elevate the importance of hybrid sterility and inviability in completely isolating members of the R. pomonella species group. It would also suggest that the final closure of R. pomonella species from a state of low level introgression may require a period of geographic isolation. Nevertheless, our findings imply that if hybridization is occurring, then it is currently rare and probably not evolutionarily significant. Thus, our results do not contradict the basic tenets of the sympatric hypothesis for the R. pomonella group. Appendix 1. Mitochondrial DNA (mtDNA) haplotype and allozyme frequencies for samples of flies reared from snowberries (populations 1-6) and hawthorns/apples (populations A-F). See Table 1 for site information (WA = Washington, nMN = northern Minnosota, cMN = central Minnosota, sMN =southern Minnosota, MI = Michigan, MA = Massachusetts). For mtDNA, HindIII/ClaI refers to the variable restriction sites in the Rhagoletis mitochondrial genome; P = extra HindIII site present and ClaI site absent in haplotype, Z = HindIII site absent and ClaI site present. MtDNA frequency that is in parentheses for site A indicates that the only individual having the Z haplotype had a nuclear genotype suggesting that the fly was R. zephyria. Underlined frequencies indicate that the only individual having the designated allozyme allele in population 3 or 5 had a nuclear genotype suggesting that the fly was R. pomonella. Average heterozygosities (H ) and mean number of alleles per locus (a) are also given. These calculations were done excluding the 3 flies from populations A, 3 and 5 that had genotypes suggesting that they were on the wrong species of host plant. Estimates for the sex-linked locus Aat-1 were based on females only 
